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SHOCK-RESISTANT ELECTRONIC CIRCUIT
ASSEMBLY

BACKGROUND OF THE INVENTION

1. Field of the Invention

This 1invention relates to encapsulated electronic circuits
and, 1n particular, to shock-resistant electronic circuit assem-
blies that find use 1n blasting components.

2. Related Art

Electronic timing circuits for firing detonators after a
predetermined, electronically-controlled delay period are
known. The delay period 1s measured from the receipt of an
initiation signal that may provide power for the timing
circuit. Thus, U.S. Pat. No. 5,133,257 to Jonsson, 1ssued Jul.
28, 1992, discloses an 1gnition system comprising a plezo-
clectric transducer that can be disposed next to a detonating
cord branch line. When the detonating cord detonates, a
shock wave 1s 1mposed on the piezoelectric transducer
which then produces an electrical pulse. The electrical
energy from the transducer 1s stored 1n a capacitor which
provides power for a timer. After a predetermined delay, the
timer allows the remaining stored energy in the capacitor to
fire an 1gnition head in the detonator. The 1gnition head
initiates explosive material, thus providing the explosive
output for the detonator. Electronic delay circuits may also
be used to 1nitiate bridge elements such as a semiconductor
bridge as described, e.g., in U.S. Pat. No. 4,708,060 to
Bickes, Jr. et al, 1ssued Nov. 24, 1987, or a tungsten bridge
as described, e.g., in U.S. Pat. No. 4,976,200 to Benson et al,
issued Dec. 11, 1990. Other electronic delay circuits are seen
in U.S. Pat. No. 5,173,569 to Pallanck et al, 1ssued Dec. 22,
1992; 1n U.S. Pat. No. 5,377,592 to Rode et al, 1ssued Jan.
3, 1995; and 1n U.S. Pat. No. 5,435,248 to Rode et al, 1ssued
Jul. 25, 1995. These patents generally suggest that the
clectronic circuitry be molded within a suitable plastic
package, casing or “potting compound”. See, ¢.g., the Jon-
sson Patent at column 2, lines 42-50; the Pallanck et al
Patent at column 3, lines 32-35; the Rode et al Patent (U.S.
Pat. No. 5,377,592) at column 9, lines 30-33 and the Rode
et al Patent (U.S. Pat. No. 5,435,248) at column 7, lines
9—13. The stated purpose for such enclosures 1s to protect the
clectronic components and minimize the chances of deto-
nation or damage by mechanical impact. No particular
confliguration or material for such casings 1s disclosed in
these patents.

SUMMARY OF THE INVENTION

The present 1mnvention relates to a shock-resistant elec-
fronic circuit assembly comprising an electronic circuit
encased 1n an encapsulation that 1s dimensioned and con-
figured to comprise cylindrically protuberant portions.

According to various aspects of the mvention, the encap-
sulation may have a generally polygonal configuration, or 1t
may be configured to define a plurality of protuberant
bosses, or 1t may be configured to define protuberant fins.

According to another aspect of the invention, the circuit
assembly may be disposed within a rigid enclosure having
an 1nterior surface, with the encapsulation engaging said
interior surface 1n limited contact therewith.

According to still another aspect of the invention, the
encapsulation may comprise a decoupling material and,
optionally, a structural support material. The support mate-
rial and the decoupling material may each have a density and
the density of the decoupling material may be at least 20
percent less than the density of the support material.
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In a particular embodiment of the invention, the electronic
circuit may comprise a delay circuit comprising (i) storage
means having an input terminal for receiving and storing
electrical energy; (il) a switching circuit connecting the
storage means to an output terminal for releasing energy
stored by the storage means to the output terminal in
response to a signal from a timer circuit; (1i1) a timer circuit
operatively connected to the switching circuit for controlling
the release by the switching circuit of energy stored by the
storage means to an output terminal. The mput terminal
extends through the encapsulation to permit the delivery of
clectrical energy to the storage means from outside the
encapsulation. The output terminal also extends through the
encapsulation, for delivering electrical energy from the
storage means via the switching circuit to outside the
encapsulation.

There may be an output initiation means operatively
connected to the storage means through the switching circuit
for receiving via the switching circuit energy stored by the
storage means and for generating an explosive output 1ni-
fiation signal 1n response thereto. There may be a sleeve
having an interior enclosure surface dimensioned and con-
figured to receive the delay circuit therein. The encapsula-
fion engages the interior surface of the sleeve 1n shock-
dispersing contact therewith, as described herein.

The invention also provides a transducer-initiation unit
comprising the circuit assembly, sleeve and output 1nitiation
means described above 1in combination with a transducer
module comprising a bushing that 1s dimensioned and
coniigured to engage the sleeve. The transducer module
comprises a piezoelectric transducer 1n the bushing and a
pair of transducer leads connected to the input terminal of
the circuit assembly.

The 1invention also provides a delay detonator comprising
an enclosure that comprises at least a housing closed at one
end and open at the other end for end-wise connection to an
mnitiation signal means for providing an electric initiation
signal to a shock-resistant delay circuit assembly as
described above. The delay circuit assembly i1s in the
housing, and there i1s an output means disposed in the
housing 1n operative relation to the storage means, for
receiving via the switching circuit energy stored by the
storage means and for generating an explosive output in
response thereto. In one embodiment, the delay circuit
comprises an encapsulation dimensioned and configured for
limited contact with an interior surface of the enclosure, €.g.,
the encapsulation may have a cylindrically protuberant
configuration. In another embodiment the encapsulation
may comprise a structural support material and a decoupling
material and, optionally, may be configured for limited
contact with an interior surface of the enclosure. In a
particular embodiment, the enclosure may comprise a sleeve
disposed within the housing and the encapsulation may
engage the interior surface of the sleeve.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a schematic axonometric view of encapsulated
circuitry or “encapsulated module” 1n a surrounding enclo-
sure shown 1n dotted outline 1n accordance with one embodi-
ment of the present invention;

FIG. 1B 1s a view similar to FIG. 1A of an electronics
module and enclosure 1n accordance with a different
embodiment of the present invention;

FIG. 2A 15 a schematic elevational view of an electronics
module 1n accordance with yet another embodiment of the
present 1nvention;




6,079,332

3

FIG. 2B 1s a view of the electronics module of FIG. 2A
viewed along lines 2B—2B;

FIG. 2C 1s a partial, schematic, cross-sectional view of the
electronics module of FIGS. 2A and 2B disposed within a
sleeve;

FIG. 3A 1s a perspective view of an electronics module in
accordance with yet another embodiment of the present
mvention;

FIG. 3B 1s a schematic cross-sectional view of the elec-
tronics module of FIG. 3A, and an enclosure, 1llustrating
protuberant bosses engaging the enclosure;

FIG. 4 1s a partly cross-sectional perspective view of a
transducer-delay 1nitiation assembly comprising an electron-
ics module and sleeve of FIG. 2C together with a transducer
module;

FIG. 5A 1s a view similar to FIG. 4 of an alternative
embodiment of the invention;

FIG. 5B 1s a partly cross-sectional view of the transducer-
delay 1mitiation assembly of FIG. 5A taken along line
SB—5B;

FIG. 6 A 1s a schematic, partly cross-sectional view show-
ing a delay detonator comprising an encapsulated electronic

circuit 1n accordance with one embodiment of the present
mvention; and

FIG. 6B 1s a view, enlarged relative to FIG. 6A, of the
1solation cup and booster charge components of the deto-
nator of FIG. 6A.

DETAILED DESCRIPTION OF THE
INVENTION AND PREFERRED
EMBODIMENTS THEREOF

The present invention relates to a protective encapsulation
for an electronic circuit disposed in a rigid surrounding
enclosure such as a metal shell. Preferably, at least part of
the encapsulation 1s molded about the circuit prior to posi-
tioning the circuit 1n the enclosure, leaving external access
only for leads for programming, testing and using the circuit,
to protect the circuit from environmental damage. The
encapsulation of the present invention protects the circuit
after 1t 1s 1n the enclosure by attenuating shock waves
received by the enclosure that might otherwise cause stress
that causes damage to the circuit particularly, 1t 1s believed,
at junctions between circuit structures and interfaces of
materials of differing densities. The encapsulation also pro-
tects the circuit by preventing the circuit from colliding
against the enclosure.

The encapsulation of the present invention may be physi-
cally configured to attenuate such shock waves, and/or 1t
may comprise materials that attenuate such shock waves
without regard to the physical configuration of the encap-
sulation. For example, the encapsulation may be physically
configured so that, when 1t 1s disposed 1n the enclosure, there
1s limited contact between the encapsulation and the enclo-
sure. The encapsulation then prevents the circuit from strik-
ing the enclosure as the result of vibrations or short-term
accelerations, and it attenuates shock waves received by the
enclosure because they can only reach the circuit through
those portions of the encapsulation that engage the enclo-
sure. The remainder of the encapsulation diffuses the shock
wave and thus protects the circuitry. Alternatively, the
encapsulation may comprise a shock-diminishing material
that not only cushions the circuit against collision with the
enclosure but also impedes the transmission of shock waves
and vibrations from the enclosure regardless of the degree of
contact between the encapsulation and the enclosure. The
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encapsulation may yet be sufficiently rigid to protect the
circuit against damage from inadvertent bending such as
might otherwise occur during the manufacture of a device
comprising the circuit or as a result of a shock-induced
acceleration of the circuit within an enclosure 1n a direction
that 1s not parallel to the axis of the enclosure. In other
words, the encapsulation provides structural support for the
circuit. Optionally, the encapsulation may comprise distinct
materials that provide structural support and vibration
decoupling. The density and, preferably, the hardness of a
decoupling material 1s typically lower than the densities and
hardnesses of the structural support material and the enclo-
sure engaged by the encapsulation. The density of the
decoupling material 1s preferably at least 20 percent less
than the density of the structural support material and 1is
preferably 1n the range of 20 to 60 percent less, although 1n
some cases decoupling materials of even lesser relative
densities may be used. Even when the structural support
material 1s separated from the enclosure by the decoupling
material, 1t 1s preferred that the structural support material be
configured to disperse shock waves from the enclosure.
Accordingly, the structural support material may provide a
circuit casing configured so that its periphery defines a
non-uniform set-off from the interior surface of the enclo-
sure. For example, a polygonal casing within an enclosure
having a cylindrical interior surface will serve to dissipate
shock waves received from the enclosure even if the casing
1s surrounded by a decoupling material and does not directly
engage the interior surface of the enclosure.

Optionally, an encapsulation according to the present
invention may have both of the above-described features,
1.€., 1t may be physically configured for limited contact with
an enclosure and 1t may also comprise a vibration decou-
pling material.

The mvention finds utility 1n protecting any circuit dis-
posed 1n a rigid enclosure that may be subjected to physical
vibrations or shock waves, but 1s preferably used to protect
the electronic circuit of an electronically-controlled detona-
tor. Detonators made with encapsulated electronic circuit
assemblies 1n accordance with the present invention are less
likely to be damaged by the prior detonation of neighboring
charges and will therefore detonate more consistently at the
appropriate times than prior art detonators. Since the enclo-
sures provided by most detonators comprise cylindrical
housings and, optionally, a cylindrical sleeve 1n the housing,
both of which provide a cylindrical interior surface, an
encapsulation that 1s physically configured for limited con-
tact with the enclosure may have any of a variety of
non-cylindrical configurations referred to herein and 1n the
claims as “cylindrically protuberant” configurations. An
encapsulation with a cylindrically protuberant configuration
has an exterior surface that only partially engages a cylin-
drical interior surface of an enclosure, leaving a portion of
the encapsulation distanced from the interior surface of the
enclosure. Some examples of cylindrically protuberant con-
figurations are described below 1n relation to FIG. 1A

through FIG. 4.

Typically, an electronic detonator timing circuit com-
prises various 1ntegrated and discrete circuit elements
including a storage means such as a capacitor which receives
and stores an electrical mnitiation signal. The delay circuit
ogenerally includes an electronic switching circuit that can,
upon receipt of a firing signal from a timer circuit, discharge
the capacitor to an output terminal where an 1nitiation
clement such as a hotwire, bridgewire or semiconductor
bridge may be connected to the circuit. The firing signal 1s
provided by a timer circuit following a predetermined delay
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interval measured from the receipt of the electrical initiation
signal. Conventionally, the timer circuit and switching cir-
cuit are manufactured as integrated circuits, and they are
used 1n conjunction with certain other, discrete circuit ele-
ments. The electronic circuit 1s typically assembled by
disposing the circuit elements on a small portion of printed
circuit board that provides the necessary electrical connec-
fions between them, using so-called surface mount technol-
ogy. Alternatively, the circuit elements may be mounted on
a lattice-like lead frame that supports some of the connec-
tions between them. The encapsulation 1s molded around the

assembled circuit.

There 1s shown 1 FIG. 1A an encapsulated electronic
circuit assembly in accordance with one embodiment of the
present 1nvention, in which the encapsulation 1s dimen-
sioned and configured for limited contact with a surrounding
enclosure. Circuit assembly 10 (sometimes referred to
herein as an “electronics module™) comprises electronic
circuit elements (not shown) mounted on a carrier 12 (e.g.,
a printed circuit board, lead frame, or the like), which is
indicated 1n dotted outline. Circuit assembly 10 also com-
prises a generally rectangular encapsulation 14 within which
the circuit elements and carrier are encased. Due to its
polygonal, 1.e., rectangular, configuration, encapsulation 14
defines a plurality of cylindrically protuberant
longitudinally-extending edges 16 that can engage the cylin-
drical interior surface of a surrounding enclosure such as a
closed-ended aluminum shell 18, shown 1n dotted outline.
Shell 18 makes contact with edges 16 while the flat surfaces
of the encapsulation principally remain distanced from the
enclosure as 1f 1t were circumscribed about polygonal exte-
rior of encapsulation 14. Due to the limited contact between
encapsulation 14 and the interior surface 18a of the
enclosure, a shock wave received by shell 18 can only
impinge on the electronic circuit elements after being dis-
sipated by the encapsulation from the point of contact, e.g.,
from edge 16, as suggested by dissipation wave lines 20.
Preferably, encapsulation 14 1s configured so that the points
of contact through which shock waves may be received
propagate the shock waves at an oblique angle relative to
carrier 12.

In an alternative “limited contact” configuration shown in
FIG. 1B, a circuit assembly 10a in accordance with the
present mvention 1s disposed within an enclosure compris-
ing an open-ended sleeve 22 that 1s insertable within a shell.
Sleeve 22 1s preferably formed from stainless steel and
serves to protect circuit assembly 10a against external
compressive forces. FIG. 1B also 1llustrates an alternative
confliguration for the encapsulation 14' to provide further
reduced contact between the encapsulation and the sur-
rounding enclosure. Thus, carrier 12 1s disposed 1n a gen-
crally rectangular encapsulation 14', but only the
peripherally, cylindrically protruding portions 14a, 14H at
the opposite ends of the enclosure are dimensioned and
coniigured to engage the interior surface of sleeve 22. Thus,
encapsulation 14' engages sleeve 22 only along foreshort-
ened edges 16a and 16b of the protruding portions thereof.

Another limited contact embodiment of the present mnven-
tion 1s seen 1n FIGS. 2A and 2B, which show that circuit
assembly 10b comprises an encapsulation 14¢ that 1s con-
ficured to have a plurality of longitudinally-extending,
cylindrically protuberant contact pads or fins 24 that extend
beyond the otherwise circular periphery of encapsulation
14c. As seen 1 FIG. 2B, encapsulation 14c¢ 1s also config-
ured to have scallops 25 formed therein. As will be
explained further below, scallops 25 allow electrical test
contacts or “leads” for the electronic circuits or chips within
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encapsulation 14c¢ to be exposed while allowing the contacts
to remain within the profile of the encapsulation. In this way,
the electrical contacts are accessible but do not interfere with
positioning or suspending the encapsulated circuitry within
the surrounding structure. Circuit assembly 10b 1s designed
so that output leads 57 and initiation 1nput leads 56 protrude
from respective opposite ends of encapsulation 14c¢ for
connection to other devices, as described below.

FIG. 2C provides a view showing how fins 24 establish
only limited contact between encapsulation 14¢ and a sur-
rounding enclosure structure such as sleeve 22 by establish-
ing a gap 48 between the remainder of the periphery of
encapsulation 14c¢ and sleeve 22. Dissipation waves 20
illustrate how fins 24 dissipate shock waves received from
sleeve 22. A portion of encapsulation 14c¢ 1s omitted from
FIG. 2C so that miscellaneous electronic components 26 and
carrier 12 can be seen.

Yet another limited contact embodiment of an encapsu-
lated electronic circuit according to the present invention 1s
llustrated 1n FIGS. 3A and 3B, where 1t 1s seen that circuit
assembly 10c comprises an encapsulation 144 that 1s dimen-
sioned and configured to have a cylindrically protuberant
conflguration due to the presence of bosses 70 that protrude
from the otherwise cylindrical exterior surface of encapsu-
lation 14d. Encapsulation 14d, including bosses 70, is
dimensioned and configured so that when inserted into an
enclosure having a cylindrical interior surface, bosses 70
engage the mnterior surface of the enclosure and most, 1f not

all, of the remainder of the exterior surface of encapsulation
14d 1s distanced from the interior surface of the enclosure.
Circuit assembly 1056 comprises input leads 56 (FIG. 3A)
that protrude from encapsulation 14d to permit the electrical
components therein to be operatively connected to external
clectrical components. As seen 1n FIG. 3A, encapsulation
14d defines scallops 50 to provide access to leads 52 without
requiring that the leads protrude beyond the surface profile
of encapsulation 144, just as does the embodiment of FIGS.
2A, 2B and 2C. FIG. 3B illustrates that bosses 70 engage the
interior surface of an enclosure such as sleeve 22 and, as
indicated by shock wave dispersion lines 72, will disperse
shock waves indicated at 74 that impinge on the enclosure,
1.€., sleeve 22, and that are transferred to encapsulation 14d.

A circuit assembly with an encapsulation in accordance
with the present mvention can be used 1n a detonator to
provide an electronically-controlled delay 1n the firing of the
detonator, which can operate with either an electric or
non-electric mitiation signal means. For example, an elec-
trical initiation signal line may be connected to input leads
56 (FIG. 3A) from a remote source controlled by a user to
provide an initiation signal to a suitably configured circuit
assembly. Alternatively, the circuit assembly may be used
with a non-electric initiation signal means, €.g., for use with
a detonating cord, shock tube, etc., provided that there 1s
provided at least a transducer to convert the non-electric
initiation signal to an electrical signal that can be used to
initiate the circuit assembly. The term “initiation signal
means”, as used herein and 1n the claims, 1S meant to
encompass electrical initiation signal transmission lines as
well as non-electric 1nitiation signal transmission lines and
their associated transducers for delivering an electrical 1ni-
tiation signal to the input leads of the circuit assembly of this
invention.

FIG. 4 provides a perspective view of a transducer-circuit
assembly (or “transducer-initiator”) 55 comprising an elec-

tronics module 54 that comprises the circuit assembly 105
and sleeve 22 of FIGS. 2A, 2B and 2C and an output
mnitiation means 46. Transducer-circuit assembly 35 also
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comprises a transducer module 38 that serves as part of an
initiation signal transmission means to convert a non-electric
initiation signal to a pulse of electrical energy to activate
clectronics module 54. Various circuit components of circuit
assembly 10b such as an integrated timer circuit 28, a timer
resistor 30, an integrated switching circuit 32, a storage
capacitor 34, and a bleeder resistor 36 are mounted on
lattice-like portions of a carrier comprising lead frame 40
and are disposed within encapsulation 14c¢. The output
initiation means 46 comprises a bridge element such as
semiconductor bridge 38 connected to output leads 57, an
initiation charge 46a which preferably comprises a second-
ary explosive material or a suitable substitute therefor such
as tetraammine-cis-bis (5-nitro-2Htetrazolato-N<) cobalt
(IIT) perchlorate (“BNCP”), certain primary explosives and
energetic mixes such as zirconium potassium perchlorate,
and an initiation shell 465 that 1s crimped onto neck region
44 and which holds 1nitiation charge 464 1n energy transfer
relation to semiconductor bridge 38. The explosive output
initiation signal provided by the output mnitiation means 46
may be used, e.g., to mnitiate the base charge or “output”
charge of a detonator within which assembly 35 1s disposed,
and may thus comprise part of the output means for the
detonator, as described below with reference to FIG. 6A.

Encapsulation 14¢ engages sleeve 22 (see FIG. 2C) only
at the fins (which are not visible in FIG. 4) and thus
cstablishes a gap 48 between encapsulation 14¢ and sleeve
22. As 1ndicated above, encapsulation 14¢ defines scallops
50 where test or program leads 52 can be accessed through
encapsulation 14c¢ so that the circuit therein can be pro-
crammed and/or tested prior to assembly of the detonator.
Scallops 50 preferably allow the lead to remain within the
surface profile of encapsulation 14c¢, 1.¢., the leads preferably
do not extend into gap 48. Scallops 50 may be omitted
provided the test leads do not protrude from encapsulation
14c¢ farther than the fins so that they do not extend across gap
48 to contact the surrounding enclosure. Thus, electronics
module 54 can be 1nserted 1nto sleeve 22 and leads 52 will
not contact sleeve 22.

Transducer module 58 (FIG. 4) comprises a piezoelectric
transducer 60 and two transfer leads 62 disposed 1n a
transducer bushing 64. Upon receipt of a shock wave,
transducer 60 produces an electrical pulse that 1s delivered
to circuit assembly 10b via transfer leads 62 and input leads
56. Transducer bushing 64 1s dimensioned and configured to
engage sleeve 22 so that transducer module 58 can be
secured onto the end of sleeve 22 with leads 62 1n contact
with mput leads 56. Electronics module 54, sleeve 22 and
transducer module 38 are dimensioned and configured so
that, when assembled as shown in FIG. 4, an air gap
indicated at 66 1s established between electronics module 54
and transducer module 38. In this way, electronics module
54 1s at least partially shielded from the shock wave that
causes piezoelectric transducer 60 to create the electrical
pulse for the circuit assembly. The pressure imposed by such
shock wave 1s transferred through transducer module 358
onto sleeve 22, as indicated by force arrows 68, rather than
onto electronics module 54.

FIGS. 5A and 3B illustrate a transducer-delay initiation
assembly 554 according to an alternative embodiment of the
invention 1 which the encapsulation for the electronic
circuit 1s not configured for limited contact with the enclo-
sure. In this embodiment, the encapsulation comprises a
casing for the electronic components and the carrier. The
casing 14¢ comprises a structural support material and a
decoupling material 14f. Generally, the structural support
material of casing 14¢ should have a Young’s Modulus of at
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least 5x10 °psi and preferably has a Young’s Modulus in the
range of about 1x10° psi to 40x10° psi. Preferably, the
structural support material has a strength of at least about
5000 ps1 and a coeflicient of thermal expansion that matches
that of the integrated circuit components therein. Casing 14¢
may comprise, €.g., a glass-filled epoxy casing 14e¢ that has,
when cured, a density of at least about / gram per cubic
centimeter (g/cc) and a Young’s Modulus of 1x10° psi. Such
an epoxy material 1s available from Sumitomo Corporation
under the designation Resin No. 6300 and 1s stated to be 60
percent glass-filled. Casing 14¢ 1s sufficiently rigid when
cured to provide structural support to the circuit and help
prevent damage to the circuit from 1nadvertent bending. As
scen 1n FIG. 5A, casing 14¢ 1s generally rectangular in
conflguration and 1s configured to have substantially smooth
sides 27 from which the leads 52 protrude. To prevent leads
52 from bearing against the electrically conductive sleeve 22
and thus possibly short-circuiting the electronic circuit
therein, casing 14¢ 1s configured to define stand-offs 71
which protrude from sides 27 of casing 14¢ further than
leads 52. Thus, should casing 14¢ come 1nto contact with
sleeve 22 during assembly, stand-oifs 71 will prevent the
leads 52 from engaging the interior surface of the sleeve 22.

Casing 14¢ may be dimensioned and configured for
limited longitudinal contact with the interior surface of
sleeve 22 as described above, e€.g., 1n relation to FIGS. 1A
and 1B, but casing 14¢ 1s preferably dimensioned and
configured as suggested 1mn FIG. SB so that when centered
within sleeve 22 1t does not make direct contact with the
interior surface thereof. In the illustrated embodiment, the
space between the casing 14¢ and sleeve 22 1s substantially
wholly filled by a shock-absorbing, decoupling material 14f
of the encapsulation. In a particular embodiment of the
invention, decoupling material 14/ has a density of only 0.8
g/cc and a Young’s Modulus of 5000 psi and thus differs
significantly from the glass-filled epoxy of casing 14e. The
decoupling material may comprise an elastic polymeric
material, €.g., a silicone, and may optionally be formed as a
foam. A decoupling material comprising a swatch of foam
padding may be adhered to casing 14¢ to engage the interior
surface of the sleeve. However, 1t 1s expected that a more
suitable method for disposing a decoupling material of the
encapsulation between a structural support material and the
enclosure will comprise 1njecting foamed polymeric decou-
pling material nto the space between them, €.g., in the space
between the epoxy casing 14¢ and sleeve 22. The decoupling
material between the sleeve and the circuit within the
encapsulation serves to attenuate the force of shock waves
that may be transmitted from the surroundings of the circuit,
and thus protects the circuit. This protective effect 1s attained
without the need to limit contact between the decoupling
material 14f and the interior of the enclosure, but the
protective effect 1s enhanced when the decoupling material
1s physically configured for limited contact with the enclo-
sure as described above with reference to FIGS. 1A through
3B. The protective function of the encapsulation 1s further
enhanced because, as suggested above, casing 14¢ 1s dimen-
sioned and configured so that 1t defines a non-uniform offset
from the cylindrical interior surface of sleeve 22.
Specifically, casing 14¢ 1s substantially rectangular, and 1s
therefore cylindrically protuberant even though it does not
directly engage the interior surface of sleeve 22.
Accordingly, for example, the distance between one edge of
casing 14¢ and the mterior surface of sleeve 22, represented
as oflset S, 1s significantly shorter than the distance between
a point on the side of casing 14¢ and the interior surface of
sleeve 14¢, represented as S2. Any remnants of a shock wave
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received by casing 14e will be dissipated by 1ts 1rregular
coniliguration relative to sleeve 22 before 1t encounters the
circuit within. Other cylindrically protuberant configura-
fions for casing 14¢ will, likewise, enhance the protective
function of the encapsulation.

Referring now to FIG. 6A there 1s shown a digital delay
detonator comprising a circuit assembly 1n accordance with
one embodiment of the present invention. Delay detonator
100 comprises an 1nitiation signal means comprising a

non-electric input transmission line which comprises, 1n the
illustrated case, a shock tube 110, adapter bushing 114,
1solation cup 118, booster charge 120 and transducer module
58. As 1s well-known to those skilled 1n the art, shock tube
comprises hollow plastic tubing, the inside wall of which 1s
coated with an explosive material so that, upon 1gnition, a
low energy shock wave 1s propagated through the tube. See,
for example, Thureson et al, U.S. Pat. No. 4,607,573. (It will
be understood that other non-electric signal transmission
lines such as detonating cord, low energy detonating cord,
low velocity shock tube and the like may be used in place of
shock tube.) Shock tube 110 is secured in the open end 1124
of an enclosure comprising a housing 112 by an adapter
bushing 114 about which housing 112 1s crimped at crimps
116, 116a. Bushing 114 also helps to form an environmen-
tally protective seal between housing 112 and the outer
surface of shock tube 110. Housing 112 i1s made of an
clectrically conductive material, usually aluminum, and is
preferably the size and shape of conventional blasting caps,
1.€., detonators. A segment 110a of shock tube 110 within
housing 112 terminates at end 1105 1n close proximity to, or
in abutting contact with, an anti-static 1solation cup 118.

Isolation cup 118, as best seen 1n FIG. 6B, 1s of a type
well-known 1n the art and 1s made of a semiconductive
material, e.g., a carbon-filled polymeric material, so that it
forms a path to housing 112 to dissipate any static electricity
which may travel along shock tube 110. For example, see
Gladden U.S. Pat. No. 3,981,240. A low energy booster
charge 120 1s positioned adjacent to 1solation cup 118 and 1n
signal communicating relationship with end 1105 of shock
tube 110. As best seen 1 FIG. 6B and as 1s well-known 1n
the art, 1solation cup 118 comprises a generally cylindrical
body (usually in the form of a truncated cone disposed with
the larger diameter positioned towards the open end 1124 of
housing 112), the interior of which is divided by a thin,
rupturable membrane 118b into an entry chamber 1184 and
an exit chamber 118c¢. The end 1105 of shock tube 110 (FIG.
6A) may be received within entry chamber 118a (shock tube
110 1s not shown in FIG. 6B for clarity of illustration). Exit
chamber 118c¢ provides an air space or stand-off between the
end 1105 of shock tube 110 and booster charge 120. In
operation, the shock wave signal traveling through shock
tube 110 will rupture membrane 1185 and traverse the
stand-ofl provided by exit chamber 118¢ and impinge upon
and detonate booster charge 120.

Booster charge 120 comprises a small quantity of explo-
sive 124, upon which 1s disposed a first cushion element 126.
Explosive 124 typically comprises a primary explosive such
as lead azide, but may comprise a suitable secondary
explosive, e.g., BNCP. A first cushion element 126, which 1s
annular 1n shape save for a thin central membrane, i1s
disposed between isolation cup 118 and explosive 124 to
bear the tamping pressure with which explosive 124 1s
pressed during manufacture of detonator 100, to protect
explosive 124 from the direct application of pressure.

Isolation cup 118, first cushion element 126, and booster
charge 120 may conveniently be fitted into a booster shell
132 as shown 1n FIG. 5B. The outer surface of 1solation cup
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118 1s 1n conductive contact with the 1inner surface of booster
shell 132, which in turn 1s dimensioned and configured to
have a friction fit with the interior of housing 112, and thus
provides a path of electrical conductivity from shock tube
110 to housing 112. Generally, booster shell 132 1s inserted
into housing 112 and housing 112 1s crimped to retain
booster shell 132 therein as well as to protect the contents of
housing 112 from the environment.

A non-conductive buffer 128, which 1s typically 0.015
inch thick, 1s located between booster charge 120 and a
transducer module 38 to electrically 1solate transducer mod-
ule 38 from booster charge 120. Transducer module 58
comprises a piezoelectric transducer that 1s disposed in
force-communicating relationship with booster charge 120
and so can convert the output force of booster charge 120 to
a pulse of electrical energy. The output leads of transducer
module 58 are connected to electronics module 54 as shown
in FIG. 4. As illustrated 1in FIG. 5, the enclosure provided by
detonator 100 comprises housing 112 and an optional open-
ended steel sleeve 22 therein that encloses electronics mod-
ule 54 and that i1s configured to have a friction fit with the
interior of housing 112.

Detonator 100 comprises an output means to produce a
detonation output signal at the end of the delay interval. As
indicated above, part of the detonator output means com-
prises the output initiation means 46 of electronics module
54 (shown in FIG. 4), adjacent to which in detonator 100 is
a second cushion element 142, which 1s similar to first
cushion element 126. Second cushion element 142 separates
the output 1nitiation means of electronics module 54 from
the remainder of the detonator output means comprising
output charge 144 disposed at the closed end 1125 of
housing 112. Output charge 144 comprises an optional
primary explosive 144a (for which a suitable secondary
explosive material, e.g., BNCP, may be substituted) and a
secondary explosive 144b. The secondary explosive 144b
has sufficient shock power to rupture housing 112 and
detonate cast booster explosives, dynamite, etc., disposed 1n
signal transfer proximity to detonator 100.

In use, a non-electric 1nitiation signal 1n the initiation
signal means travels through shock tube 110 and 1s ematted
at end 110b. The signal ruptures membrane 1185 of 1solation
cup 118 and first cushion element 126 to initiate explosive
124 of booster charge 120. Explosive 124 generates a
detonation shock wave that bears on the piezoelectric trans-
ducer 1n transducer module 38. Transducer module 58 then
produces a pulse of electrical energy that 1s received by
electronics module 54. Thus, the non-electric initiation
signal means delivers an 1nitiation signal to the circuit
assembly of electronics module 54. The circuit assembly
stores the pulse of electric energy and, after a predetermined
delay, releases or conveys the energy to the output mnitiation
means which initiates output charge 144.

As 1ndicated above, 1n alternative embodiments, the
encapsulated circuit assembly of the present invention may
be used with an electric detonator delay circuit designed for
use with an electric signal transmission wire 1nstead of a
shock tube or other non-electric signal transmission line. In
such a circuit, of course, there would be no need for a
booster charge 120 or a transducer module 38.

While the invention has been described in detail with
reference to particular embodiments thereof, 1t will be
apparent that upon a reading and understanding of the
foregoing, numerous alterations to the described embodi-
ments will occur to those skilled 1n the art. For example, 1t
will be understood that even if the enclosure does not have
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a cylindrical interior surface, the configuration of the circuit
encapsulation can be adapted for limited contact therewith.
It 1s intended to include such alterations within the scope of

the appended claims.

What 1s claimed 1s:

1. A shock-resistant electronic circuit assembly compris-
ing a rigid enclosure and an electronic circuit encased 1n an
encapsulation within the enclosure, the encapsulation com-
prising longitudinally-extending contact pads that engage
the 1nterior surface of the enclosure;

wherein the electronic circuit comprises a delay circuit
comprising

(i) storage means connected to an input terminal for
receiving and storing electrical energy;

(i1) a switching circuit connecting the storage means to an
output terminal for receiving and storing electrical

energy;

(ii1) an initiation element connected to the output termi-
nal;

(iv) the timer circuit being operatively connected to the
switching circuit for controlling the release by the
switching circuit of energy stored by the storage means
to the 1nitiation element;

wherein the input terminal extends through the encapsu-
lation to permit delivery of electrical energy to the
storage means from outside the encapsulation; and

wherein the output terminal extends through the encap-
sulation for delivering electrical energy from the stor-
age means via the switching circuit to outside the
encapsulation.

2. The circuit assembly of claim 1 wherein the enclosure
comprises a cylindrical interior surface and wherein the pads
leave a portion of the encapsulation distanced from the
cylindrical interior surface of the enclosure.

3. A shock-resistant electronic circuit assembly compris-
ing an electronic circuit encased 1n an encapsulation that 1s
dimensioned and configured to define a plurality of bosses
that protrude from an otherwise cylindrical exterior surface;

wherein the electronic circuit comprises a delay circuit
comprising (1) storage means connected to an input
terminal for receiving and storing electrical energy;

(i1) a switching circuit connecting the storage means to an
output terminal for receiving and storing electrical

cnergy;

(ii1) an initiation element connected to the output termi-
nal;

(iv) the timer circuit being operatively connected to the
switching circuit for controlling the release by the
switching circuit of energy stored by the storage means
to the 1nitiation element,

wherein the input terminal extends through the encapsu-
lation to permit delivery of electrical energy to the
storage means from outside the encapsulation, and

wherein the output terminal extends through the encap-
sulation for delivering electrical energy from the stor-
age means via the switching circuit to outside the
encapsulation; and

an output initiation means operatively connected to the
storage means for receiving via the switching circuit
energy stored by the storage means and for generating
an explosive output initiation signal i1n response
thereto, and a sleeve having an interior enclosure
surface dimensioned and configured to receive the
delay circuit assembly therein, wherein the encapsula-
tion engages the interior surface of the sleeve 1n shock-
dispersing contact therewith.
4. A transducer assembly unit comprising the circuit
assembly of claim 3 and a transducer module comprising a
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bushing that 1s dimensioned and configured to engage the
sleeve, a piezoelectric transducer 1n the bushing and a pair
of transducer leads connected to the mput terminal of the
circuit.

5. A shock-resistant electronic circuit assembly compris-
ing an electronic circuit encased 1n an encapsulation that 1s
dimensioned and configured to define a plurality of bosses
that protrude from an otherwise cylindrical exterior surface;

wherein the electronic circuit comprises a delay circuit
comprising (1) storage means connected to an input
terminal for receiving and storing electrical energy;

(1) a switching circuit connecting the storage means to an
output terminal for receiving and storing electrical
energy;

(i11) an initiation element connected to the output termi-
nal;

(1v) a timer circuit operatively connected to the switching
circuit for controlling the release by the switching
circuit of energy stored by the storage means to the
mitiation element,

wherein the mput terminal extends through the encapsu-
lation to permit delivery of electrical energy to the
storage means from outside the encapsulation, and

wherein the output terminal extends through the encap-
sulation for delivering electrical energy from the stor-
age means via the switching circuit to outside the
encapsulation; and

wherein the encapsulation comprises a decoupling mate-
rial and a structural support material, each of which has
a density and wherein the density of the decoupling
material 1s at least about 20 percent less than the density
of the structural support material.

6. A delay detonator comprising;:

an enclosure comprising at least a housing closed at one
end and open at the other end for connection to an
initiation signal means, the enclosure having an interior
surface;

the 1nitiation signal means secured 1n the open end of the
housing for providing an electric 1nitiation signal to a
circuit assembly disposed 1n the enclosure for receipt of
a signal from the initiation signal means, the circuit
assembly comprising a delay circuit comprising (1)
storage means connected to the 1nitiation signal means
for receiving and storing electrical energy from the
initiation signal means;

(i1) a switching circuit connecting the storage means to an
output means, for releasing energy stored by the storage
means to the output means in response to a signal from
a timer circuit;

(i11) a timer circuit operatively connected to the switching
circuit for controlling the release by the switching
circuit of energy stored by the storage means to the
output means; and

(iv) an encapsulation encasing the delay circuit and
engaging the 1nterior surface of the enclosure 1n limited
contact therewith; and

output means disposed 1n the housing 1n operative relation
to the storage means through the switching circuit for
receiving energy stored by the storage means and
generating an explosive output 1n response thereto;

wherein the encapsulation 1s dimensioned and configured
to define a plurality of protuberant bosses for limited
contact with an interior surface of the enclosure.

7. A delay detonator comprising:

an enclosure comprising at least a housing closed at one
end and open at the other end for connection to an
nitiation signal means, the housing having an interior
surface;
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the 1nitiation signal means secured 1n the open end of the
housing for providing an electric initiation signal to a
circuit assembly disposed 1n the housing for receipt of
a signal from the initiation signal means, the circuit
assembly comprising a delay circuit comprising (1)
storage means connected to the 1nitiation signal means
for recerving and storing electrical energy from the
initiation signal means;

(ii) a switching circuit connecting the storage means to an
output means, for releasing energy stored by the storage

means to the output means in response to a signal from
a timer circuit;

(ii1) a timer circuit operatively connected to the switching
circuit for controlling the release by the switching
circuit of energy stored by the storage means to the
output means; and

(iv) an encapsulation encasing the delay circuit and being
dimensioned and configured for shock-dispersing con-
tact with the interior surface of the housing; and

output means disposed in the housing 1n operative relation
to the storage means through the switching circuit for
receiving energy stored by the storage means and
generating an explosive output 1n response thereto;

wherein the interior surface of the housing comprises a
cylindrical interior surface and wherein the encapsula-
tion has a non-cylindrical configuration.

8. A delay detonator comprising;:

an enclosure comprising at least a housing closed at one
end and open at the other end for connection to an
initiation signal means, the housing having an interior
surface;

the 1nitiation signal means being secured 1n the open end
of the housing for providing an electric initiation signal
to a circuit assembly disposed 1n the housing for receipt
of a signal from the initiation signal means, the circuit
assembly comprising (1) storage means for receiving
and storing electrical energy from the 1nitiation signal
means;

(i1) a switching circuit connecting the storage means to an
output means, for releasing energy stored by the storage
means to the output means in response to a signal from
a timer circuit;

(ii1) the timer circuit being operatively connected to the
switching circuit for controlling the release by the
switching circuit of energy stored by the storage means
to the output means; and

(iv) an encapsulation that encases elements (1), (i1) and
(i11) and that engages an interior surface of the housing;
and

output means disposed 1n the housing 1n operative relation
to the storage means through the switching circuit for
receiving encrgy stored by the storage means and
generating an explosive output 1n response thereto;

wherein the encapsulation comprises a structural support
material that encases the circuit and a decoupling
material that engages the interior surface of the hous-
ing; and

wherein the decoupling material and the structural support
material each has a density and wherein the density of
the decoupling material 1s at least 20 percent less than
the density of the structural support material.

9. The detonator of claim 8 wherein the encapsulation 1s

dimensioned and configured for limited contact with an
interior surface of the housing.

10. A delay detonator comprising;:

an enclosure comprising at least a housing closed at one
end and open at the other end for connection to an
initiation signal means, the enclosure having an interior
surface;
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the mitiation signal means being secured 1n the open end
of the housing for providing an electric initiation signal
to a circuit assembly disposed in the enclosure for
receipt of a signal from the initiation signal means, the
circuit assembly comprising (1) storage means for
receiving and storing electrical energy from the initia-
tion signal means;

(i1) a switching circuit connecting the storage means to an
output means, for releasing energy stored by the storage

means to the output means in response to a signal from
a timer circuit;

(i11) the timer circuit being operatively connected to the
switching circuit for controlling the release by the
switching circuit of energy stored by the storage means
to the output means; and (iv) an encapsulation that
encases elements (i), (i1) and (i11) and that engages an
mnterior surface of the enclosure; and

output means disposed 1n the housing 1n operative relation
to the storage means through the switching circuit for
receiving energy stored by the storage means and
generating an explosive output 1n response thereto,

wherein the encapsulation comprises a structural support
material and a decoupling material that engages the
interior surface of the enclosure;

wheremn the structural support material 1s dimensioned
and configured to comprise cylindrically protuberant
portions for a non-uniform offset from the interior
surface of the enclosure.

11. A delay detonator comprising:

an enclosure comprising at least a housing closed at one
end and open at the other end for connection to an
initiation signal means, the housing having an interior
surface;

the mitiation signal means being secured 1n the open end
of the housing for providing an electric initiation signal
to a circuit assembly disposed 1n the enclosure for
receipt of a signal from the 1nitiation signal means, the
circuit assembly comprising (1) storage means for
receiving and storing electrical energy from the initia-
tion signal means;

(1) a switching circuit connecting the storage means to an
output means, for releasing energy stored by the storage

means to the output means in response to a signal from
a timer circuit;

(111) the timer circuit being operatively connected to the
switching circuit for controlling the release by the
switching circuit of energy stored by the storage means
to the output means; and

(iv) an encapsulation that encases elements (1), (i1) and
(i11) and that engages an interior surface of the housing;
and

output means disposed 1n the housing in operative relation
to the storage means through the switching circuit for
receiving energy stored by the storage means and
generating an explosive output 1n response thereto;

wherein the encapsulation comprises a structural support
material that encases the circuit and a decoupling
material that engages the interior surface of the hous-
Ing;

wherein the housing comprises a cylindrical interior sur-
face and the structural support material has a generally
rectangular configuration; and

wherein the structural support material 1s spaced from the
interior surface of the enclosure, and the decoupling
material substantially wholly fills said space.
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